To identify host factors associated with arenavirus virulence, we used a cynomolgus macaque model to evaluate the pathogenesis of Lujo virus (LUJV), a recently emerged arenavirus that caused an outbreak of severe viral hemorrhagic fever in southern Africa. In contrast to human cases, LUJV caused mild, nonlethal illness in macaques. We then compared this to contrasting clinical outcomes during arenavirus infection, specifically to samples obtained from macaques infected with three highly pathogenic lines of Lassa virus (LASV), the causative agent of Lassa fever (LF). We assessed gene expression in peripheral blood mononuclear cells (PBMC) and determined genes that significantly changed expression relative to that in uninfected animals over the course of infection. We detected a 72-h delay in the induction of host responses to infection during LUJV infection compared to that of the animals infected with LASV. This included genes associated with inflammatory and antiviral responses and was particularly apparent among groups of genes promoting cell death. We also observed early differential expression of a subset of genes specific to LUJV infection that accounts for the delayed inflammatory response. Cell type enrichment analysis suggested that host response induction delay and an LUJV-specific profile are due to a different proportion of natural killer cells responding in LUJV infection than that in the LASV-infected animals. Together, these data indicate that delayed proinflammatory and proapoptotic host responses to arenavirus infection could ameliorate disease severity. This conclusion provides insight into the cellular and molecular mechanisms of arenaviral hemorrhagic fever and suggests potential strategies for therapeutic development.
S
ince their discovery in the early 20th century, arenaviruses have been consistently associated with outbreaks of severe illness, including viral hemorrhagic fever (VHF) and encephalitis. Arenaviruses are bisegmented, ambisense, single-stranded, negative-sense RNA viruses typically carried by rodents and named for their areas of origin. In 2008, a novel arenavirus, Lujo virus (LUJV), was associated with an outbreak of VHF in southern Africa with a case fatality rate of 80% in 5 human cases. The symptoms of LUJV VHF were similar to those of severe Lassa fever (LF), including rash, headache, myalgia, respiratory distress, neurological symptoms, renal failure, and circulatory collapse (1) . LUJV was determined to be a phylogenetically distinct member of the family Arenaviridae, branching from the ancestral node of the Old World arenaviruses (2) . Although additional cases of LUJV have not been reported since the initial outbreak and the reservoir species remains unknown, the development of an experimental model of VHF caused by LUJV is desirable to prevent and treat future human cases and to compare it with other related infections, such as the prototypical Old World arenaviral hemorrhagic fever pathogen Lassa virus (LASV).
LASV, the causative agent of LF, is endemic in western Africa and causes as many as 500,000 cases per year. The natural reservoir of LASV is Mastomys natalensis, and transmission occurs largely through contaminated rodent excreta (1, 3) . In humans, LASV infection produces acute infection with a wide spectrum of clinical manifestations, ranging from asymptomatic or mild, subclinical disease to severe, lethal VHF. During LF epidemics, case fatality rates can approach 50% (4, 5) . Despite the prevalence of LASV in areas where it is endemic and the severity of disease during outbreaks, factors contributing to pathogenicity and virulence still are poorly characterized on account of the remote areas of endemicity and disease epidemiology complicated by secondary nosocomial transmission. Comparative analyses of different models of arenavirus VHF may provide critical insights into the host factors that determine disease severity.
An experimental model of LASV pathogenesis in cynomolgus macaques (Macaca fascicularis) is established and reproduces a number of clinical features of human VHF, including fever, hemorrhage, multiorgan failure, and eventual death (6) (7) (8) . However, recently a Mastomys isolate from southern Mali (Soromba-R) was found to be less pathogenic than historical isolates, causing reduced mortality and unusual clinical presentation in cynomolgus macaques (9) . We observed that, unlike human patients, cynomolgus macaques are not susceptible to severe disease following LUJV infection, developing a mild, transient illness that completely resolves with no mortality. The first goal of the study was to determine the virulence of LUJV in macaques. Once we found that it caused only a mild disease, we then had the opportunity to compare the host response to LUJV with that to an arenavirus (LASV) that causes severe disease in macaques.
MATERIALS AND METHODS
Animal work and biosafety. Animal experiments were approved by the Institutional Animal Care and Use Committee of Rocky Mountain Laboratories (RML) and were performed in accordance with guidelines established by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) by certified staff in an AAALAC-accredited facility. Experiments were conducted in the biosafety level 4 (BSL-4) laboratory at RML with the approval of the RML Institutional Biosafety Committee (IBC). Sample inactivation was performed according to standard operating procedures approved by the IBC for removal of specimens from BSL-4 containment.
Viruses. Low-passage (defined as Ͻ4 passages) LASV isolates Josiah (LASVJos) (10), Z-132 (LASVZ132) (11, 12) , and Soromba-R (LASVSor) (11) , as well as LUJV, were cultured in Vero cells and titrated using standard methods for determining the median tissue culture infective dose (TCID 50 ).
Infection and sampling protocol. Cynomolgus macaques (Macaca fascicularis) were infected with 1 ϫ 10 4 TCID 50 of LASVJos, LASVZ132, LASVSor, or LUJV by intramuscular injection (n ϭ 3 animals per condition). Animals were monitored twice daily and assigned a numerical score based on clinical signs of disease, including posture, respiration, feces/ urine production, food intake, behavior/attitude, skin turgor, fever, and recumbency, using an approved endpoint scoring sheet. On days Ϫ7, 0, 1, 3, 7, 10, and 14, animals were examined under anesthesia, and chest radiography was performed, pulse rate, blood pressure, temperature, and respiration rates were measured, and animals were bled for analysis of blood chemistry, coagulation parameters, differential blood counts, virologic characteristics, cytokine profiling, and isolation of peripheral blood mononuclear cells (PBMC). Animals were euthanized by exsanguination under deep anesthesia when clinical scores exceeded 30, which is indicative of terminal disease (13) .
RNA extraction, probe synthesis, and microarray hybridization. PBMC were isolated on a Ficoll gradient, washed with phosphate-buffered saline, suspended in equal volumes of AVL buffer (Qiagen, Valencia, CA) and 70% ethanol, and stored at Ϫ80°C until preparation. Samples were thawed, and two additional volumes of buffer RLT (Qiagen, Valencia, CA) with 0.01 volumes of 2-mercaptoethanol were added, followed by an additional two volumes of 70% ethanol. RNA then was extracted using Qiagen microRNeasy spin columns per the manufacturer's protocol. Low-yield samples were concentrated using the RNA Clean and Concentrator (Zymo Research, Irvine, CA). Probe labeling was carried out using the Agilent low-input processing protocol and hybridized to Agilent rhesus macaque 4x44K microarrays (Agilent Technologies, Santa Clara, CA) using the manufacturer's one-color analysis protocol.
Microarray analysis. Transcriptomics data were extracted from the Agilent rhesus macaque gene expression microarray raw data and scale normalized (14-16) using the "normalizeBetweenArrays" normalization method available in the limma package (17) of the R suite (18) .
Transcriptomic raw data are available at http://viromics.washington .edu/ and the NCBI GEO database (19) under accession number GSE49838.
Differentially expressed genes were identified using the CDS method (20) . The CDS statistical test allows the identification of differentially but also similarly expressed genes between two biological conditions using a statistical hypothesis test that formulates fold change statements. A fold change of 1.2 was used as a parameter for the statistical test, and a P value cutoff of 0.05 was used to identify significantly differentially expressed genes, as these are commonly used statistical thresholds for microarray experiments.
For each infection condition, pairwise comparisons between each series of gene expression profile were performed using the Pearson's coefficient of correlation. Genes having a pairwise comparison coefficient of less than 0.60 were excluded.
Functional analysis was performed using Ingenuity pathway analysis (IPA; Ingenuity Systems, Inc.). IPA examines differentially expressed transcripts and proteins in the context of known functions, mapping each gene identifier to its corresponding molecule in the Ingenuity pathways knowledge base (IPKB). For all analyses, the P values were generated using the right-tailed Fisher's exact test (21) and adjusted using the BenjaminiHochberg multiple-testing correction (22) .
RT-PCR for viral genomes. RNA was reverse transcribed using the QuantiTect kit (Qiagen), and viral genomes were quantitated by TaqMan quantitative real-time reverse transcription-PCR (RT-PCR) using rhesus macaque GMP reductase 2 (GMPR2; TaqMan assay ID Rh01076490_m1; Life Technologies) as the endogenous control. For quantifying viral genomes, we used the following primer/probe sets: LASVJos forward primer, 5=-TGCTAGTACAGACAGTGCAATGAG-3=; reverse primer, 5=-TAGTGACATTCTTCCAGGAAGTGC-3=; probe, 6-FAM-5=-TCTGC GGAACCGGTG-3=-MGBNFQ (6-FAM stands for 6-carboxyfluorescein, and MGBNFQ stands for molecular groove-binding nonfluorescence quencher); LASVZ132 forward primer, 5=-CCCCAAACAATGGATGGT ATTCTCA-3=; reverse primer, 5=-CTTTCACCAGGAGTGTCCGA AATAA-3=; probe, 6-FAM-5=-CATCCCAAGAGCTTTC-3=-MGBNFQ; LASVSor forward primer, 5=-ACTTTAGTTTGGGTGCTGCAGT-3=; reverse primer, 5=-CCAACATGTTCCCACCATCCAA; probe, 6-FAM-5=-ACAGGCACCTGCTTTT-3=-MGBNFQ; LUJV forward primer, 5=-ATT TAAGGTCCACCAAGCCA-3=; reverse primer, 5=-CGTGAGAGCCAAA GTTGTCA-3=; probe, 6-FAM-5=-TGCCGTGAGTCTGATCAACGGCC T-3=-MGBNFQ.
We normalized the values using primer-probe sets for the endogenous control macaque GMPR2 RNA per the manufacturer's specifications (Life Technologies). All reactions were performed using standard TaqMan protocols and reagents supplied by the manufacturer and run on an ABI 7500 real-time PCR instrument (Life Technologies).
Multidimensional scaling. Multidimensional scaling representations were generated using the singular value decomposition-multidimensional scaling (SVD-MDS) method (23) . Multidimensional scaling methods represent the similarities and differences among high-dimensionality objects into a space having a low number of dimensions, usually in 2 or 3 dimensions, for visualization. Pairwise distances between the dots are proportional to the transcriptomic distances between the samples and were calculated using the Euclidian metric. The Kruskal stress criterion (24) shown quantifies the quality of the representation as a fraction of the information lost during the dimensionality reduction procedure.
Cell type enrichment analysis. The functional enrichment of cell type was done based on the Human Gene Atlas data set (25) and computed using Enrichr (26) . The Human Gene Atlas data set consists of wholegenome protein-coding transcript expression measurements across a diverse panel of 79 human tissues. Enrichr is a web-based enrichment analysis tool allowing rank-based comparisons of gene signatures with a large variety of -omics metadata sets.
Radar chart representations were generated using the "radarchart" method of the "fmsb" package (http://cran.r-project.org/web/packages /fmsb/index.html) of the R suite. P values of the cell type enrichments obtained from Enrichr were Ϫlog 10 transformed and then represented in the radar charts.
Microarray data accession number. The transcriptomics data determined in the course of this work were deposited in the NCBI GEO database (19) under accession number GSE49838.
RESULTS

LUJV infection produces mild disease in cynomolgus macaques.
As LUJV pathogenesis has not been evaluated in a nonhuman primate model, we first determined the pathogenic phenotype of LUJV in cynomolgus macaques relative to LASV-infected animals using the same infection protocol and sampling schedule. We sought to compare LUJV infection with previously published data from three distinct strains of LASV following inoculation by intramuscular injection. We previously evaluated the pathogenicity of three different isolates of LASV, comparing a more recent isolate from southern Mali, Soromba-R, to two historical isolates from Sierra Leone (Josiah) and Liberia (Z-132). The Soromba-R isolate (LASVSor) was found to be less virulent in both guinea pig and cynomolgus macaque models of infection than the Josiah (LASVJos) or Z-132 (LASVZ132) viruses, with LASVSor showing a slower progression to death, delayed disruptions in coagulation profiles, a lack of observable febrile disease, and a 57% mortality rate. We observed clinical manifestations of disease in 1/3 of the surviving LASVSor-infected animals used in this study (67% mortality) and delayed progression to severe VHF compared to the uniformly lethal disease in animals infected with LASVJos and LASVZ132 isolates (9) . However, all animals infected with LUJV survived infection (Fig. 1A) . Furthermore, LUJV-infected animals had mild disease with no evidence of hemorrhage or disrupted coagulation, and clinical scores for the LUJV animals were lower throughout the course of infection compared to those for the LASV-infected animals (Fig. 1B) . Complete clinical data for each animal over the course of infection are available in Table S1 in the supplemental material.
Viral infection and microarray analysis of PBMC. We used microarrays to monitor transcriptional profiles of macaque PBMC following infection with LUJV. We collected PBMC longitudinally over a time course of 29 days. In addition, we determined transcriptional profiles from PBMC collected from 3 uninfected macaques for use as a control. To compare the LUJV-associated transcriptional response with the more pathogenic LASV isolates in infected cynomolgus macaques, we also performed analysis on PBMC banked from the earlier LASV study (9) . PBMC were selected for these studies, as this allowed us to perform longitudinal measures on the same animals throughout the course of infection, and PBMC are comprised of immune cell types that are known to be infected with arenaviruses and involved in the pathogenesis of LF and VHF (27) . Immune responses are thought to heavily influence the course of LASV pathogenesis, and some monocyte-derived cells, such as DCs and macrophages, are susceptible to LASV infection, which perturbs cellular functions, such as antigen presentation, lymphocyte activation, and cytokine secretion (28) . We observed increasing virus levels in PBMC late in infection for all four viruses evaluated (Fig. 1C) , which indicates that transcriptional differences are not substantially attributed to large differences in viral replication in these cells.
Host response kinetics during LASV and LUJV infection.
In order to analyze the kinetics of the host responses in PBMC following infection of macaques with LUJV, we compared transcriptomic data to that from LASV-infected macaques. We identified differentially expressed genes (DEG) in at least one infection condition compared to uninfected controls, in which expression was correlated with time for each virus. We identified a signature of 646 genes significantly associated with the dynamics of host gene expression over the course of infection (see Table S2 in the supplemental material). To assess overall transcriptional differences between different viruses over time, we performed multidimensional scaling (MDS) on transcriptomic profiles restricted to this list of 646 genes (Fig. 2) . This method simplifies visualization by reducing the complex, multidimensional kinetics-associated gene signature to a two-dimensional representation. Over the course of infection, the three LASV isolates showed overlapping profiles, indicating that these genes were expressed similarly in terms of direction and magnitude. In contrast, LUJV infection produced transcriptionally distinct signatures after day 1 postinfection. The LUJV day 7 and day 10 samples were more similar to the LASV day 4 and day 7 samples, respectively, suggesting that LUJV induced genes associated with disease progression at a lower rate than did LASV. The LUJV-induced profile followed a circular trajectory, beginning and ending at similar positions, indicating that at day 29 the samples returned to transcriptional baseline. This follows the course of disease in the animals, and the final position likely reflects the animals' complete resolution of infection and return to baseline levels of gene expression. However, the slight positional separation of LUJV from the LASV profiles at day 1 indicates that there is an LUJV-specific transcriptional response to infection very early postinfection.
Using IPA, we investigated the functional enrichment of the kinetic profile for each condition. Not surprisingly, well-studied antiviral innate immune responses constituted the top five most significant IPA canonical pathways, including interferon signaling, communication between innate and adaptive immune cells, role of pattern recognition receptors in recognition of bacteria and viruses, antigen presentation, and activation of interferon regulatory factors (IRF) by cytosolic pattern recognition receptors. These genes were induced at day 1 postinfection and were increasingly expressed over the course of infection for all viruses investigated, suggesting that the animals all mounted typical antiviral responses against both LASV and LUJV infection, including upregulation of interferon-stimulated genes. Therefore, the differences in clinical outcomes between LASV and LUJV must be associated with other aspects of the host response.
A notable distinction between the response to LUJV and the three LASV isolates was the differential induction of genes associated with cell death, as characterized by transcriptional programs promoting apoptosis as well as more general mechanisms of cell death, such as necrosis. We examined the average z scores predicted by IPA for activation state within various functional categories. On day 1 postinfection, pathways related to cell death were inhibited in LUJV-infected animals (as indicated by negative-activation z scores) compared to levels for all three LASV groups, in which these categories were activated (Fig. 3A) . Specifically, LUJV-infected animals at day 1 showed a high degree of inhibition associated with multiple cell death functional categories, including cell death of lymphoid organs, cell death of immune cells, cell death of blood cells, cell clearance, removal of cells, and cytolysis. Concurrently, these animals showed increased activation of functions resulting in the delay of cell death in myeloid cells, phagocytes, and leukocytes (Fig. 3B ). Another notable difference at day 1 was the induction of mast cell apoptosis in LUJV-infected animals compared to that of LASVZ132-and LASVSor-infected animals, which inhibited this process. This demonstrates that while cell death inhibition was not absolute in LUJV-infected animals, the response still was functionally distinct from that observed in LASV-infected animals. However, by day 4, genes associated with cell death were induced in LUJV-infected animals, similar to what was seen in the LASV-infected groups (Fig. 3A) . This initial lag in cell death induction indicates the basis for distinct cellular responses that contribute to disease severity and progression of VHF. Early LUJV-specific gene signatures associated with control of arenavirus pathogenesis. Because of the clear difference in host response kinetics between LUJV-infected animals and LASV-infected animals, we sought to determine differential signatures unique to LUJV early in the course of infection, before any clinical indications of disease were observed, by identifying DEG only at day 1 postinfection that are specific to LUJV infection. We reasoned that early gene expression profiles programmatically define host responses associated with the less pathogenic disease course of LUJV infection rather than the severe and mostly fatal VHF disease consequent to LASV infection in this model. Thus, we investigated the genes specific to the LUJV host response at the earliest time point postinfection. Based on the previously identified kinetic gene signature, we identified the subset of genes that were both differentially expressed in LUJV animals compared to controls and differentially expressed between the LUJV and LASV infection conditions. We identified 76 DE genes (17 upregulated and 59 downregulated) specific to LUJV infection at 1 day postinfection (see Table S3 in the supplemental material) and examined these gene expression values relative to those of the uninfected controls for each biological replicate collected at 1 day postinfection (Fig. 4) . These genes were predominantly related to cellular growth, differentiation, and migration, particularly in white blood cells. In particular, inflammatory white blood cell responses were inhibited, including protein synthesis, cell division, and immune cell chemotaxis. Gene expression associated with these processes later increased during LUJV infection, consistent with a delayed host response in LUJV infection compared to animals infected with LASV.
Cell type composition analysis reveals LUJV-specific early induction of NK cells. Because PBMC are comprised of multiple immune cell types and the relative proportions of these can vary greatly between individuals, we sought to determine the specific cell types driving distinct transcriptional responses to each virus. While we were able to determine total numbers of different classes of cells ( Fig. 5 ; also see Table S1 in the supplemental material), this analysis allows us to determine which specific cell types are driving the transcriptional responses. We performed enrichment analysis using a meta-data set of gene expression measurements obtained from a diverse panel of 79 human tissues (25) . For each list of differentially expressed genes, we identified the most significant overlaps with cell type-specific transcriptome profiles (Fig. 6 ).
Concordant with clinical symptoms, all four viruses induced significant enrichment in the expression of genes associated with CD14 ϩ monocytes and CD33 ϩ myeloid cells at days 4 to 13 postinfection, with the greatest enrichment occurring at days 10 to 13, coincident with peak viremia. Antigen-presenting cells (APC) are thought to be primary targets of LASV infection (28, 29) , and this enrichment may reflect increased mobilization of infected monocytic and myeloid lineage cells in the blood. We also observed that PBMC from LUJV-infected macaques showed enrichment of genes associated with CD56 ϩ natural killer (NK) cells (Fig. 6D) at day 1 postinfection compared to the LASV isolates studied. The enrichment scores for all three LASV isolates were at least 3-fold lower than those for LUJV, suggesting that at early time points, LUJV mobilized NK cells, which may have important consequences for immunity. Lethal LASV infection previously has been associated with early leukopenia, including lower NK cell counts (30) . However, the mechanism for this is unclear, as human NK cells in culture are not susceptible to LASV infection despite being activated by LASV-infected APCs (31). We also observed increased enrichment of genes associated with B lymphoblasts at day 13 in LUJV-infected animals, suggesting that functional B cell responses are associated with the control of LUJV pathogenicity late in infection. Concurrent with this, we observed differentially upregulated genes associated with B lymphocyte proliferation and maturation, including genes associated with isotype switching and differentiation (activation-induced cytidine deaminase [AICDA], interleukin-4 , and tumor necrosis factor ligand superfamily member 13B [TNFSF13B]). It is not clear how these results would correlate with antibody production or other measures of B cell function. Antibodies are produced early in LASV infection in human patients, although these likely are not neutralizing (32) . Low titers of neutralizing IgG are produced a month after acute LASV infection (33) , and accompanying early cellular immune responses are associated with control of infection and recovery in cynomolgus macaques (30) . Therefore, the induction of B cell responses in LUJV-infected animals at day 13 postinfection may represent a component of a more robust cellular immune response that ultimately controls disease progression.
DISCUSSION
This study was initiated to determine if M. fascicularis is a suitable experimental model for studying LUJV pathogenesis, since the cynomolgus macaque has been used successfully for modeling LF pathogenesis (6, 9) . Additionally, this model has been used to make direct comparisons with human cells in determining immune responses to LASV infection (34) . Although we found that LUJV infection in macaques did not produce severe disease similar to that observed in human cases, the evident ability of the animals to limit virulence despite similar levels of viral RNA pro- duction (Fig. 1C ) compared to LASV indicates that LUJV induces a transcriptional response that limits pathogenesis and progression to lethal hemorrhagic fever. We observed a striking downregulation of genes specific to LUJV infection at day 1 postinfection, as well as a general delay in transcription following infection compared to LASV-infected animals. This was similar to delays in differential gene expression induction observed in PBMC from macaques infected with nonvirulent lymphocytic choriomeningitis virus (LCMV) compared to virulent LCMV prior to observable viremia (35) . Together, these data suggest that the postponement of specific host responses contributes to a milder pathogenic phenotype and survival. Notably, the delay of cell death-related pathways may contribute to improved survival of distinct populations of immune cells, which in turn can alter pathogenesis in the host. The specific induction of mast cell apoptosis early following LUJV infection may partly explain the milder pathology, as mast cells have been associated with inflammatory pathology in response to virus infection (36) (37) (38) (39) (40) (41) (42) (43) (44) , including vascular leakage associated with dengue hemorrhagic fever (45) . The early selective depletion of mast cells may account for immune responses associated with controlled antiviral responses rather than uncontrolled inflammation and consequent mild disease during LUJV infection. The basis for this delay during LUJV infection is not altogether clear. Viral RNA is detectable in LUJV-infected and LASV-infected animals at the same time point, indicating that there is little difference in the time course and magnitude of viral RNA production in the blood (Fig. 1C) . Thus, it is likely that the reduced pathogenicity observed in LUJV-infected animals is due to distinctive host responses rather than a lower level of viral replication, although we cannot rule out the possibility that these animals are producing lower levels of infectious virus. We are not able to assay for infectious LUJV, although LASV infectious serum titers correlated with levels of viral RNA in PBMC (Fig. 1D) . We also cannot rule out the possibility that we would have observed a more significant disease in the LUJV-infected animals with a different virus inoculum.
Prior to this study, very few attempts have been made to profile gene expression changes associated with Old World arenavirus infection in nonhuman primates. Studies using both LASV and LCMV have observed activation of antiviral and immune responses, with a concurrent inhibition of classical proinflammatory pathways in rhesus and cynomolgus macaque infection models (4, 35, 46) . Notably, delays in gene expression in PBMC were associated with nonvirulent LCMV infection (35) . However, this study is the first to directly compare highly pathogenic arenaviruses with various levels of pathogenicity in a nonhuman primate model and to associate transcriptional kinetics with pathogenic outcome. We were surprised that we did not observe greater differences between LASVSor and the other, more pathogenic LASV isolates included in this comparison, particularly when LASVSor was previously observed to have distinct pathology and inflammatory responses (9) . We suspect that this is because either these responses are not regulated at the transcriptional level or because the PBMC are not driving the distinct pathological responses that distinguish these different LASV isolates. The delay in transcriptional responses associated with LUJV could indicate future therapeutic strategies for treating VHF caused by emerging arenaviruses. In particular, drugs that induce a delay in host responses to infection or suppress host responses to infection could reduce pathogenic effects. Because the delay in responses to LUJV occurs early in infection, it may be impractical to administer host response modulators in patients who have progressed to symptomatic disease. This type of treatment strategy could be used as an effective countermeasure, however, in cases of suspected exposure or to control spread in an outbreak setting.
Although human transcriptional responses to LUJV have not been characterized, we hypothesize that these responses would be more similar to the more highly pathogenic LASV isolates. Future studies should address LUJV responses specific to known cellular targets of arenavirus infection using human macrophage lines or donor PBMC ex vivo to determine whether human responses to LUJV are similar to those elicited by LASV infection in macaques. In particular, studies should address whether distinct cellular tropism, possibly caused by distinct receptor usage or variable susceptibilities, in different PBMC cell types account for differential virulence in macaques. Such an experimental system then could be applied to screen for compounds that would induce delayed responses similar to those observed in LUJV-infected macaques in this study. This would also increase confidence in the data obtained from the macaques, which are variable and limited to small group sizes due to logistics and cost. Additionally, this could be used to address questions of the timing of treatment with immunomodulatory host-directed drugs. Treatment with drugs that would delay and attenuate human responses, and induce those similar to LUJV infection in the macaques, could reduce disease severity and improve patient outcomes. For viruses such as LUJV, which emerged unexpectedly in human populations with a high case fatality rate, countermeasures that can modulate or delay host transcriptional responses may represent a useful new paradigm for treating uncharacterized and highly virulent emergent viruses.
